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ABSTRACT: Iron oxyhydroxide nanoparticles (Fe-NPs) are natural vectors of phosphate (PO4) in the environment. Their
mobility is determined by colloidal stability, which is aﬀected by surface composition. This might be manipulated in engineered
NPs for environmental or agricultural applications. Here, the stability of PO4-Fe-NPs (HFO/goethite) was determined across
contrasting environmental conditions (pH, Ca concentration) and by using fulvates (FA) and polyphosphates (poly-P’s) as
coatings. The PO4-Fe-NPs are unstable at Ca concentrations above 0.1 mM. Addition of FA and some poly-P’s signiﬁcantly
improved stability. Zeta potential explained colloidal stability across treatments; surface charge was calculated with surface
complexation models and explained for phytic acid (PA) and hexametaphosphate (HMP) by a partial (1−4 of the 6 PO4 units)
adsorption to the surface, while the remaining PO4 units stayed in solution. This study suggests that Ca concentration mainly
aﬀects the mobility of natural or engineered PO4-Fe-NPs and that HMP is a promising agent for increasing colloidal stability.
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■ INTRODUCTION
Naturally occurring colloids are deﬁned as particles smaller than
1 μm, while nanoparticles (NPs) are deﬁned as particles having at
least one dimension between 1 and 100 nm. Naturally occurring
NPs play an important role in the environment as carriers of
compounds that adsorb strongly to their surface. This surface
complexation enhances their mobility, since several of these
compounds would otherwise demonstrate little transport inmost
natural waters or soils. Iron oxyhydroxide NPs (Fe-NPs), in
particular, often act as eﬃcient carriers for phosphate (PO4),
1−4
metals,5 and natural organic matter (NOM),6 because they
strongly bind these compounds, have a large surface area, and
sometimes have high mobility.7
Particle-mediated transport is rarely taken into account in
most solute transport models, which rely on thermodynamic
approaches that cannot accurately describe the fate of particles in
the environment.8 Many studies have investigated the structure
and mineralogy of the Fe-NPs, whereas knowledge on factors
aﬀecting Fe-NP transport is scarce.9−12 A high colloidal stability,
implying a low rate of aggregation, under environmental
conditions is crucial to particle mobility. Particle aggregation
leads to poor mobility in most soils, because the aggregates can
no longer access the smallest of pores.13 In addition, the same
factors leading to poor colloidal stability often cause faster
attachment of colloids to pore walls.13
In aquatic systems, formation of natural Fe-NPs occurs at the
oxic−anoxic boundary, e.g., when groundwater surfaces, where
Fe(II) oxidation leads to formation of colloidal hydrous ferric
oxide (HFO), which can subsequently transform to other iron
oxyhydroxide minerals, i.e., goethite.14 The rates of these
processes are highly dependent on diﬀerent factors, ultimately
also determining colloidal stability of the resulting Fe-NPs, since
diﬀerent phase formations will likely lead to diﬀerences in
colloidal stability.15 A recent study indicated that humic acid
(HA) inhibits transformation of ferrihydrite into goethite and
lepidocrocite.16 Also, dissolved silica can control the mineralogy
of the formed Fe-NPs: it favors 2-line ferrihydrite formation but
also leads to increased PO4 sorption.
9,17 In other words, PO4
transport in aquatic systems is controlled by diﬀerent factors
controlling Fe-NPmineralogy and morphology, but these factors
could also inﬂuence colloidal stability, which has been hardly
addressed.12,15,17
The colloidal stability of Fe-NPs is enhanced by adsorption of
NOM, as has been demonstrated in aquatic and soil
systems.18−20 Adsorption of NOM adds a negative charge on
the Fe-NP surface, causing both electrostatic destabilization and
electrostatic/steric stabilization, depending on the NOM:NP
ratio and solution pH.21 Conversely, bridging by divalent cations,
e.g., calcium, has been reported to aggregate NOM-stabilized
systems.21,22 However, natural Fe-NPs are often coated with
PO4; thus, they also bear a (partially) negative charge. The
impact of this on colloidal stability has yet to be investigated.
Recently, particle-mediated transport has received renewed
interest in the context of risk assessment and environmental
application of engineered NPs in soils.23,24 Speciﬁcally, Fe-NPs
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have gained increasing attention as environmental nanovectors
in soils, for example, as a means for contaminant removal in
groundwater aquifers.25 Other applications might include high-
eﬃciency nanofertilizers for strongly PO4-ﬁxing soils.
2,26 Since
phosphorus is a limited natural resource, the demand for
specialized fertilizers, e.g., slow-27 or controlled-release fertil-
izers,28,29 is rapidly growing. Food productivity must increase
because of a growing world population and a dwindling surface
area of arable land. One way to achieve this could be to mimic
and enhance the natural role of Fe-NPs by introducing artiﬁcial
Fe-NPs with adsorbed PO4 (PO4-Fe-NPs) in P-ﬁxing soils.
Addition of P to soils releases large amounts of PO4-Fe-NPs,
4
suggesting a relatively high mobility of these particles that can
potentially deliver PO4 more eﬃciently to a plant’s rhizosphere
compared to, e.g., dissolved P fertilizers. Even though PO4 is
strongly adsorbed to Fe-NPs, it could be released again in the
rhizosphere. To achieve this, it is necessary to increase the
understanding of the colloidal stability of naturally occurring
PO4-Fe-NPs and investigate how colloidal stability can be
increased. High colloidal mobility might also lead to increased P
runoﬀ via surface water or groundwater, although this eﬀect is
probably negligible due to the thermodynamic instability of
colloids, leading to settling over longer distances.
The general objective of this study was to assess the colloidal
stability of PO4-Fe-NPs as aﬀected by the surface and solution
composition. In addition, this study investigated natural additives
to enhance the colloidal stability of engineered PO4-Fe-NPs in
view of the potential application as P-nanofertilizer. This second
step was necessary since preliminary experiments showed that
Fe-NPs with solely PO4 adsorbed were not stable under relevant
environmental conditions (Supporting Information (SI), Table
S1).
In the ﬁrst part of this study, Fe(II) was oxidized in the
presence of PO4 and NOM, which leads to the formation of
hydrous ferric oxide (HFO), mimicking natural Fe-NP formation
at redox boundaries. The colloidal stability and zeta potential of
the resulting suspensions were measured under varying pH and
Ca concentrations, with or without dissolved silica present
during formation, since Si is known to aﬀect mineralogy, which is
in turn expected to alter PO4 sorption. In the second part, natural
additives, e.g., NOM, were tested as stabilizing coatings for
engineered nano-goethite suspensions coated with PO4 (PO4-
nG). Suspensions were then subjected to several (de)stabilizing
combinations of Ca and pH. We speculate that electrostatic
interactions dominate the fate of Fe-NPs and coatings that
enhance the negative surface charge will improve colloidal
stability.
■ MATERIALS AND METHODS
Chemicals. All chemicals were analytical reagent grade from Fischer
Scientiﬁc, Acros Organics, Fluka, or Sigma-Aldrich, and all stock
solutions were prepared by dilution in analytical reagent water (18.2
MΩ cm−1, Milli-Q puriﬁcation system, Millipore). Suwannee River
NOM (SRNOM, International Humic Substances Society, 2R101N)
was used as a model compound for NOM. A NOM stock solution of
1.00 g/L was prepared by dissolving SRNOM in ultrapure water,
adjusting it to pH 6.0 with NaOH, and ﬁltering over a 0.45 μm
membrane ﬁlter (Chromaﬁl Xtra PET 45/25, 25 mm diameter,
polyester membrane). The resulting solution was stored in darkness
at 4 °C. All glassware was acid-washed overnight in ±0.1 M HCl.
Iron Oxyhydroxide Colloids Formed by Fe(II) Oxidation. Iron
oxyhydroxide colloids were synthesized in the presence of dissolved
phosphate and NOM using a molar PO4:Fe ratio of 0.11, a ratio that
allows for complete P removal from solution,11 and a NOM:Fe ratio of 1
mg C/mg Fe. These ratios are commonly encountered in groundwater
and ditch water in the Flanders region.14,30 Total concentrations are on
the upper end of measured concentrations in groundwater, but they
were chosen to enable a suﬃcient particle concentration to allow Z-
average hydrodynamic diameter (dh) and electrophoretic mobility
measurements of diﬀerent size fractions. In a 100mL ﬂask, a background
solution of 100 μMH2PO4
− (as KH2PO4), 100 mg SRNOML
−1, and 50
mM NaHCO3 as a buﬀer was prepared at pH 7.0 ± 0.1, because most
natural waters have a near-neutral pH. Waterglass (Na2SiO3) at a ﬁnal
concentration of 450 μMwas also added to investigate Fe(II) oxidation
in the presence of Si. This concentration was chosen because an initial
molar ratio of 0.5 Si/Fe present during Fe(II) oxidation was reported to
increase P sorption due to an inhibition to ripen from ferrihydrite to
goethite.9 Finally, a Fe(II) solution (FeSO4·7H2O, 36 mM Fe in 10
−5 M
HCl, freshly prepared) was added at a ﬁnal concentration of 900 μM Fe
to start oxyhydroxide formation, yielding two stock solutions: one in the
absence and one in the presence of Si. Samples were shaken to ensure
mixing and rested for 24 h to allow near-complete oxidation.12 The pH
remained at pH 7.0 ± 0.1 throughout the synthesis. The total P, Si, and
Fe concentrations were determined in an aliquot from the stock
solutions after acidiﬁcation to 1% HNO3 by inductively coupled plasma
mass spectrometry (ICP-MS) measurement (see Analysis).
To determine the size distribution of the formed Fe oxyhydroxide
particles, cascade ﬁltration of the two stock solutions was carried out
over 1.2 μm (Chromaﬁl Xtra PET 120/25, 25 mm diameter, polyester
membrane), 0.45 μm (Chromaﬁl Xtra PET 45/25, 25 mm diameter,
polyester membrane), and 0.1 μm (Pall Acrodisc Supor ﬁlter, 32 mm
diameter, hydrophilic poly(ether sulfone) membrane). The dh and zeta
potential were measured in ﬁltrates within the hour before and after
addition of a range of Ca concentrations (as CaCl2; 0.01−0.1−1 mM
Ca) to assess stability in the presence of divalent cations (see Analysis for
details on dh and zeta measurements). Additionally, the properties of the
particles at diﬀerent pH values were tested for both stock solutions by
addition of HCl or NaOH to a subsample and measurement of dh and
zeta potential at eight diﬀerent pH values.
Each stock was subjected to dialysis (Spectra/Por 4, 12−14 kDa
cutoﬀ, Spectrum Laboratories Inc.) to determine free and particulate,
deﬁned as >14 kDa, elemental concentrations. Dialysis membranes were
soaked prior to use for at least 24 h and then ﬁlled with 2.5 mL ofMilli-Q
water (Millipore Corp.), closed, and immersed in 10 mL of stock
solution. Samples were shaken for 48 h on a rotary shaker to establish
equilibrium, and then samples from both external and internal solutions
were analyzed with ICP-MS. Concentrations of particulate bound
elements were calculated as diﬀerence in elemental concentration
between external solution and internal solution. It was assumed that the
composition of the <12 kDa fraction equals that of the true solution.
Engineered Iron Oxyhydroxide NPs. An engineered commer-
cially available iron(III)-oxide nanoparticulate dispersion (Sigma-
Aldrich, 20 wt% in water, pH 3.5−4.0) was used in the second
experimental part. The goethite (FeOOH) mineralogy was conﬁrmed
using XRD-analysis (SI, Figure S1). Speciﬁc surface area was measured
with BET-N2 sorption and potentiometric titration (SI, Section 2). A
stock solution of 0.2 wt% was prepared by dilution with analytical
reagent water (resistivity of 18.2 MΩ cm−1, Milli-Q puriﬁcation system,
Millipore) for further sample preparation. Hydrodynamic diameter was
regularly checked with DLS to assess aggregation over time, no
aggregation was measured during the time frame of our experiments.
The average dh at 20 g NP/L was 64.5 nm.
The nano-goethite (nG) was coated with PO4 and a stabilizing
coating by diluting nG stock in Milli-Q water and adding the necessary
components, always including PO4. Preliminary tests were carried out
with diﬀerent components, of which only SRNOM and some poly-
phosphates (poly-P’s) proved to increase colloidal stability of the PO4-
coated nG. The diﬀerent poly-P’s used in this study were sodium
tripolyphosphate (TPP), sodium pyrophosphate tetrabasic (PP),
trisodium trimetaphosphate (TMP), sodium hexametaphosphate
(HMP), and phytic acid sodium salt hydrate (PA), also known as
myo-inositol hexakisphosphate. All stock solutions, besides the nG
stock, were prepared at pH 6.0 and stored at 4 °C in darkness. Nominal
PO4 concentrations were veriﬁed with ICP-MS. All measurements were
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carried out at 2.25 mM nG. The eﬀect of stabilizing additives was always
tested together with PO4 in diﬀerent ratios to assess the necessary
amount of additive to ensure colloidal stability. The molar unit of the
poly-P refers to the complete molecule, not a PO4 unit in that molecule.
In an additional experiment, poly-P’s were also dosed at 0.1 mM P on an
equal mol P base; i.e., 0.05 mM PP was dosed to yield 0.10 mM total P,
etc. These coating concentrations were always above the surface binding
capacity of the nG, in order to ensure full surface coverage and to
eliminate the percentage of coverage as a factor inﬂuencing colloidal
stability.
The eﬀect of Ca was tested at diﬀerent concentrations ranging from
0.1 mM to 1.0 mMCaCl2. After mixing, samples were shaken for 60 min
on a horizontal shaker and then rested for 30min to allow aggregation to
become visually detectable. On the visually non-aggregated samples,
determination of dh and zeta potential was carried out. The most stable
combinations were tested for pH stability by adjusting pH after mixing
by adding HCl or NaOH before size and zeta potential measurement at
two diﬀerent PO4/additive ratios.
Analysis. The dh was measured with dynamic light scattering (DLS)
using a Zetasizer NanoZS (ZEN3600, Malvern Instruments), equipped
with a HeNe red laser with a wavelength of 633 nm. The instrument was
operated in backscattering mode (at a ﬁxed angle of 173° (non-invasive
backscattering)) and at a constant temperature of 25 °C. All samples
were analyzed in triplicate. The dh and polydispersity index (PDI) were
calculated from autocorrelation functions using cumulant analysis.
Laser Doppler velocimetry in combination with M3-PALS was used
to measure electrophoretic mobility with the Zetasizer NanoZS. The
same conditions as for DLS were used, but a ﬁxed angle of 12.8° was
employed, and the sample was measured in a folded capillary cell
(DTS1070, Malvern Instruments). Henry’s equation was used to
convert electrophoretic mobility to zeta potential.
Elemental composition of NP dispersions was determined using ICP-
MS (Agilent 7700x, Agilent Technologies) after acidiﬁcation of the
sample to 1% HNO3. Analysis of engineered Fe-NPs was preceded by
hot acid digestion with 1.5 mL of HCl and 0.5 mL of HNO3 for at least 2
h at 140 °C (digestion block). X-ray diﬀraction (XRD) patterns were
measured to conﬁrm mineralogy after freeze-drying under vacuum.
Patterns were recorded between 5 and 70° 2θ with a scan step width of
0.02° (Philips PW1830 diﬀractometer, Cu Kα radiation at 45 kV and 30
mA). Background subtraction and peak analysis were performed with
DiﬀracPlus EVA software (Bruker AXS, Germany). Single-particle ICP-
MS (spICP-MS) was performed on selected nG samples stabilized with
poly-P or NOM to determine the mass equivalent spherical diameter
(dspICP‑MS) and number-based particle size distribution. Extensive
background on this technique can be found elsewhere;31 details on
the measurements are found in SI, section 2.3.
Data Analysis. Data analysis was performed with the statistical
program JMP Pro 12 (SAS Institute). Statistical signiﬁcance was tested
with the Student t test with p < 0.05. Iso-electric point (IEP) was
modeled using a nonlinear three-parameter exponential model.
Structure analyses were made with Instant JChem 15.12.7.0
(ChemAxon) and Mercury 3.7 (Cambridge Crystallographic Data
Center, UK). Chemical equilibrium modeling was performed with
Visual Minteq 3.0 (JP Gustafsson, KTH Stockholm); more details in SI.
■ RESULTS
Iron Oxyhydroxide Colloids Formed by Fe(II) Oxida-
tion. The oxidation of the Fe-NOM-PO4 solution, mimicking an
environmental relevant groundwater, yielded a colloidal
suspension with only a small nanoparticulate fraction as analyzed
using cascade ﬁltration (Table 1). As expected, only a small
amount of Fe remained in the true solution after 24 h reaction
time (Table 2). In contrast, Si was only partially incorporated.
The presence of Si during NP formation reduced the colloidal
size (Table 1). Regardless of Si addition, the largest colloid
population was present in the 0.1−0.45 μm size fraction. Each
ﬁltrate was also measured using DLS. The 1.2 and 0.45 μm
ﬁltered solutions of both Si treatments had a signiﬁcantly higher
dh than the 0.1 μm ﬁltrate, respectively around 190 nm and
around 150 nm. The 0.1 μm ﬁltrate in the absence of Si had a dh
of 57 nm, while the particles in the presence of Si were slightly
smaller at 49 nm. The XRD patterns of both colloidal
suspensions are shown in Figure 1; most peaks correspond
Table 1. Size Distribution, Hydrodynamic Diameter, and
Chemical Composition of Iron Oxyhydroxide Fractions
Formed after 24 h Oxidation of a 900 μM Fe(II) Solution in
the Presence of NOM and PO4 and in the Presence or
Absence of Sia
Si present Si absent
dh P Fe Si dh P Fe
nm % % % nm % %
>1.2 μm 202 0 0.20 0 190 3.7 2.4
0.45−1.2 μm 195 7.1 7.0 3.6 184 27 29
0.1−0.45 μm 160 68 69 39 144 58 58
<0.1 μm 49 24 24 58 57 12 10
aSize distributions calculated as percentage of total elemental
concentration present in each fraction. Z-average hydrodynamic
diameter (dh, DLS) is the mean of three replicate measurements.
Table 2. Percentage of Fe, P, and Si in Solution or in
Particulate Form after 24 h Oxidation of a 900 μM Fe(II)
Solution in the Presence of NOMandPO4 and in the Presence
or Absence of Sia
Si present Si absent
(P:Fe)init mol/mol 0.11 0.11
(Si:Fe)init mol/mol 0.5 −
Fefree % 2.0 2.5
Pfree % 7.9 8.3
Sifree % 66 −
(P:Fe)part mol/mol 0.10 0.11
(Si:Fe)part mol/mol 0.18 −
aThe fraction of free elements refers to the truly dissolved elements,
i.e., smaller than 12−14 kDa, determined by dialysis. The particulate
fraction is calculated from the diﬀerence between total and free
elemental concentrations.
Figure 1. XRD diﬀractograms of NOM and PO4-containing iron
oxyhydroxide dispersion in the presence or absence of Si. Nahcolite
pattern is given as a reference. The vertical dashed line indicates the iron
hydroxyphosphate peak. The data have been background corrected and
vertically shifted for clarity.
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with nahcolite (NaHCO3), which precipitated during freeze-
drying. One other peak was identiﬁed (dashed line at 31.5°) and
attributed to HFO-P, in accordance with Thibault et al.,32 who
found that the ﬁrst characteristic ferrihydrite peak (35.5° 2θ)
becomes more symmetric and shifts to smaller angles with
increasing PO4 concentration present during formation. The
presence of Si decreased sharpness of the peaks, pointing to less
crystalline or smaller particles,32 the latter being conﬁrmed by
our ﬁltration data.
The dispersion was stable over a pH range from pH 5.0 to 10.0,
whereas colloids aggregated (dh > 1 μm, not quantiﬁable with
DLS) and visually settled within minutes at pH < 5.0, when the
zeta potential increased to less negative values (>−30 mV,
Figure 2). No diﬀerence in zeta potential was found between Fe
oxyhydroxide formed in the presence or absence of Si except at
the lowest pH of 3.0, where the Si presence led to amore negative
zeta potential. At pH 7.0, increasing the Ca concentration from
0.01 to 1.0 mM Ca reduced colloidal stability, with aggregation
visible for all solutions containing 1.0 mM Ca, which was
conﬁrmed by dh measurement (SI, Table S7). This aggregation is
associated with a signiﬁcantly less negative zeta potential at 1.0
mMCa compared to the low Ca concentration treatment (Table
3), which suggests a signiﬁcantly lower electrostatic repulsion.
No signiﬁcant diﬀerence in aggregation or zeta potential at
diﬀerent Ca concentrations was found between Si treatments.
Engineered Iron Oxyhydroxide NPs. Commercial nG has
a strongly positive zeta potential at pH 3.5 (Figure 3), the pH of
the stock solution. The IEP for these uncoated nG samples is pH
8.7, a value that corresponds with documented IEP values for
natural and synthetic goethite.33 Around the IEP, the nano-
particulate dispersion was unstable (Figure 3). Several stabilizing
agents, i.e., citrate, PVP, poly-P, and NOM, were tested in
preliminary tests to assess the colloidal stability with diﬀerent
coatings. Only addition of NOM and poly-P resulted in stable
dispersions under the tested pH range combined with increasing
Ca concentrations (SI, Table S1).
Both NOM and poly-P add negative charge onto the surface.
When only PO4 was coated onto nG, the IEP shifted to lower
values (Table 4), but at the environmentally relevant pH range in
soils, the dispersions were unstable (Table 5). All data used to
model the IEPs can be found in the SI (Figures S5 and S6). The
additives decreased the IEP drastically; moreover, a much lower
concentration of additives was needed compared to PO4 to
decrease the IEP, indicating their value as a stabilizer.
At the highest additive:nG ratio, and in the absence of Ca,
almost all combinations showed stability over the whole pH
range, indicated by a low or no IEP (Table 4). Polyphosphates
exhibited the most negative zeta potentials at the high
additive:nG ratio combined with a small size, indicating
electrostatically stabilized systems (Table 5). At equal poly-
P:nG ratio but increased PO4 concentration (higher PO4:nG),
zeta potential became less negative, which would indicate
competition of PO4 with the poly-P thereby reducing the
stabilizing eﬀect of poly-P. This was not observed for the NOM-
stabilized system: no signiﬁcant diﬀerence in zeta potential was
measured at diﬀerent PO4:nG ratios. Additionally, selected
samples were measured with spICP-MS to determine the size
distribution (SI, Figures S2 and S3). Addition of NOM, PA, or
HMP only enlarged the mean size with a few nm (Table 5).
Diﬀerences among dh are much larger since the adjacent electric
double layer is also incorporated.
Figure 2. Zeta potential of NOM and PO4-containing iron oxy-
hydroxide dispersion, formed in the presence (+) or absence (○) of Si as
a function of pH. Green symbols indicate a stable dispersion, red
symbols an unstable dispersion deﬁned by a rapidly increasing
hydrodynamic diameter as measured by DLS.
Table 3. Zeta Potential of Iron Oxyhydroxide Fractions
Formed after 24 h Oxidation of a 900 μM Fe(II) Solution in
the Presence of NOM and PO4 and in the Presence or
Absence of Sia
zeta potential (mV)
Si present Si absent
Ca (mM) 0.45−1.2 μm 0.1−0.45 μm 0.45−1.2 μm 0.1−0.45 μm
0.01 −35.6 −33.7 −35.7 −33.6
0.1 −34.0 −32.1 −34.3 −34.6
1 −29.5b −32.9 −31.4c −31.5
aSize fractions were separated by sequential ﬁltration over 1.2 and 0.45
μm ﬁlters; data from size fraction ﬁltered over 0.1 μm ﬁlter not shown
because the concentration was too low for zeta potential measurement.
bp-value <0.05 in Student t test compared to low Ca concentration. cp-
value <0.01 in Student t test compared to low Ca concentration.
Figure 3. Zeta potential (●) and Z-average diameter (×) of engineered
nano-goethite determined with DLS relative to pH of dispersion. Error
bars indicate standard deviation of three replicate measurements.
Instability zone for electrostatically stabilized systems is indicated
between −30 mV and 30 mV zeta potential.
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In the presence of low concentrations of Ca (<0.1 mM), and in
the absence of any additional additive, PO4-bearing nG (PO4-
nG) is highly unstable (Figure 4, Table 5). First, a visual
assessment of the colloidal stability was made in the presence of
diﬀerent Ca concentrations at pH 6.0, and then on the samples
which did not visually settle, dh and zeta potential were measured.
All poly-P’s rendered the PO4-nG system more stable at 0.1 mM
Ca, but only PA and HMP showed a markedly more stable
Table 4. Isoelectric Points for 200 mg Nano-goethite (nG) L−1 As Aﬀected by Coating with Natural Organic Matter (NOM) or
Diﬀerent Polyphosphates: Phytic Acid (PA), Hexametaphosphate (HMP), or Pyrophosphate (PP)a
additional coating
none NOM PA HMP PP
ratio NOM:nG ratio PA:nG ratio HMP:nG ratio PP:nG
PO4:nG 0.05 0.25 0.007 0.033 0.003 0.031 0.010 0.049
0.045 5.01 4.67 2.38 n.m. n.m. 3.47 1.45 n.m. n.m.
0.45 3.78 3.40 1.10 <0 <0 1.12 <0 2.10 0.33
4.5 3.19 1.76 1.44 <0 <0 1.23 <0 1.48 <0
aAll ratios are given as molar ratios except NOM:nG, which is given as a mass ratio. IEP was modeled by nonlinear modeling using a 3P-exponential
ﬁt on zeta potential data in a pH range from 3 to 11 with three replicates. n.m. indicates not measured, <0 indicates no IEP physically possible (IEP <
0).
Table 5. Hydrodynamic Diameter (dh), Diameter Measured with Single-Particle Inductively Coupled Plasma Mass Spectrometry
(dspIPMS), and Zeta Potential (ζ) at a Concentration of 200 mg Nano-goethite (nG) L
−1 and Various Combinations of PO4,
Polyphosphates (Phytic Acid, PA; Hexametaphosphate, HMP; and Pyrophosphate, PP), and NOM at pH 6a
Fe-NP PO4:nG = 0.45
ratio NOM:nG ratio PA:nG ratio HMP:nG ratio PP:nG
− 0.05 0.25 0.007 0.033 0.003 0.031 0.010 0.049
dh nm 68.0 n.m. 90.1 82.5 148.0 84.1 190.6 86.0 144.4 98.6
ζ mV 47.2 −38.47 −44.2 −44.9 −49.6 −58.4 −50.3 −54.0 −48.7 −54.6
Fe-NP PO4:nG = 4.5
ratio NOM:nG ratio PA:nG ratio HMP:nG ratio PP:nG
− 0.05 0.25 0.007 0.033 0.003 0.031 0.010 0.049
dh nm 68.0 328.3 91.8 82.3 97.8 78.4 99.8 78.4 140.4 99.2
dspICP‑MS nm 42 47 46 46
ζ mV 47.2 −44.3 −43.9 −44.3 −44.8 −43.6 −44.1 −49.1 −45.7 −44.0
aValues are the mean of three replicates; for dspICP‑MS the median of the size distribution is taken per replicate. All ratios are given as molar ratios,
except NOM:nG, which is given as a mass ratio. n.m. indicates not measurable, i.e., sample too polydisperse for DLS measurement, indicating
aggregation and sedimentation during measurement.
Figure 4.Colloidal stability of 200mg nano-goethite L−1 with 1.0 mMKH2PO4, 0.1 mMpolyphosphate, and a varying concentration of CaCl2 at pH 6.0.
Abbreviations used: TPP , tripolyphosphate; HMP, hexametaphosphate; PP, pyrophosphate; TMP, trimetaphosphate; PA, phytic acid. Left: Samples
after 1 h shaking and 30 min resting. Right: Zeta potential of selected samples, measured in triplicate. Error bars indicate standard deviations. NOM is
also included as a stabilizing additive at a Fe:NOM mass ratio equal to 4. Unstable samples deﬁned as rapidly increasing in dh during the three
measurements. * indicates only stable dispersion at an average zeta potential above −30 mV.
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system at 0.2 and 0.3 mM Ca (Figure 4). All poly-P treatments
eﬀects on colloidal stability could be explained by changes in the
zeta potential; i.e., aggregation of poly-P-stabilized systems
coincided with measured zeta potentials around −30 mV, the
theoretical limit for electrostatically stabilized systems.7 How-
ever, aggregation of the NOM stabilized system did not
completely correspond with the approach to −30 mV zeta
potential (Figure 4, *), which could indicate steric stabilization.
■ DISCUSSION
Iron Oxyhydroxide Colloids Formed by Fe(II) Oxida-
tion. Several studies have investigated the eﬀect of the molar
PO4:Fe ratio present during oxidation on the structure and
composition of the formed particles. We therefore chose one
PO4:Fe:NOM ratio for this study and a total particle
concentration slightly higher than naturally occurring to allow
for zeta potential measurements. Voegelin et al.11 conducted
similar Fe(II) oxidation experiments at a comparable PO4:Fe
ratio (0.12). They reported precipitate PO4:Fe ratio almost
identical to initial dissolved PO4:Fe ratio, this was attributed to
incorporation of PO4 in the Fe(III) precipitates. EXAFS spectra
of these precipitates showed that initially Fe(III)-phosphate was
formed, over time this transformed into HFO-P (60%), with a
minority of lepidocrocite (37%) and goethite (5%). Other
studies conﬁrmed the formation of HFO-P up to a PO4:Fe ratio
of 0.5.10,34−36 In our XRD patterns, no other mineral, like
lepidocrocite or goethite, could be identiﬁed besides HFO-P.
The presence of NOM in the current study was expected to aﬀect
the particulate PO4:Fe molar ratio of the ﬁnally formed iron
oxyhydroxides since both NOM and PO4 are negatively charged
and known to have a high aﬃnity for iron oxyhydroxide
surfaces.21 This speculation is conﬁrmed by stoichiometric
calculations: at a speciﬁc surface area of 600 m2/g (a conservative
high estimate), the maximal surface site concentration is 0.3
mmol/L (0.9 mMFe corresponds to 120mgHFO/L), while 100
mg NOM/L corresponds to 0.56 mmol negative charge/L
(IHSS) which might compete with 0.1 mM PO4 present.
However, this showed not to be the case (Table 2), although a
higher concentration of dissolved PO4 (7 μM PO4) was
measured compared to previous studies.11,15 Strong sequestra-
tion of PO4 can thus be expected in (aquatic) systems, where
Fe(II) oxidizes in the presence of NOM, even when NOM is in
excess. Moreover, a recent study found that Fe(II) oxidation at
high DOC concentrations and low salinity led to the formation of
Fe hydroxyphosphate that was colloidally stable, which was
conﬁrmed by our results.37
The initial molar Si:Fe ratio (0.5) was not maintained during
mixed Si-Fe particle formation in the current study, and only 34%
of Si was incorporated in the colloids. Previous work on iron
oxidation in the presence of dissolved silica, mentions an increase
in PO4 sorption when Si is present during Fe(II) oxidation at a
total Si:Fe ratio above 0.36. However, we did not ﬁnd
signiﬁcantly reduced free P, indicating that Si has no extra PO4
sequestering eﬀect in the presence of NOM. Dissolved silica has
already been shown to aﬀect mineralogy in previous stud-
ies.11,12,15 Senn et al.12 reported that the presence of Si, at an
Table 6. Proposed Charge of Surface Complexes at pH 6.0 Based on Surface ComplexationModeling andMeasured Zeta Potential
of the Fe-NPs Coated with Ortho-P in the Absence or Presence of Added Polyphosphates (Phytic Acid, PA; Hexametaphosphate,
HMP; and Pyrophosphate, PP), Dosed at Equal Total P Basis (Column 7) or at Equal Moles of the Polyphosphate (Column 8) in
Excess of Surface Capacity
aCalculated with Mercury. bCalculated from distance between singly coordinated oxygen atoms (oxo) at {101} goethite surface (Pnma) with
Mercury. cZeta potential at a concentration of 200 mg nG/L at 0.1 mM P as KH2PO4, PP, PA, or HMP at pH 6 in 1 mM NaCl.
dZeta potential at a
concentration of 200 mg nG/L at equal dose of 1 mM P as KH2PO4 without or with 0.1 mM PP, PA, or HMP at pH 6.0 in 0.1 mM CaCl2.
eCalculated with JChem. fMeasured values at bidentate binding of HPO4
2−.49 gModeled with Visual Minteq at pH 6.0 with 0.1 mM PO4
3− and 0.275
g goethite L−1 with goethite model and goethite_tpm database.43 hfor PP, assumption of bidentate binding of one P; for PA, 4 monodentate P
bound per molecule; for HMP, 1 monodentate P bound per molecule; iCalculated from pKa values.
50 *Speciﬁc adsorption mechanism for phytate
involves bridging between oxo and μ-oxo layers at surface.45
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initial PO4:Fe < 0.5, inhibited transformation of Fe(III)-
phosphate colloids into PO4-rich ferrihydrite; instead, a Si-rich
ferrihydrite layer was formed around them. According to
previous studies, both NOM and Si slow down phase
transformation, leading to decreasing sharpness in XRD
diﬀractograms, which we found in the presence of Si (Figure
1).9,34,38 In our study, however, Si did not have any additional
eﬀect in the presence of NOM on PO4 sequestration or colloidal
stability.
At the conditions of the particle formation, i.e., pH 7.0 and 50
mMNa, PO4-Fe-NPs were kinetically stable at a zeta potential of
−35 mV. When the absolute value of zeta potential of an
electrostatically stabilized systems is above 30 mV, the dispersion
is considered kinetically stable.7 At a pH below 5.0 and a Ca
concentration above 0.1 mM, particles started to aggregate which
coincided with a zeta potential above −30 mV. This would
indicate that these NOM-Fe(-Si) hydroxyphosphates are, at least
partially, electrostatically stabilized. The low Ca concentration
required to destabilize the system was equivalent to 0.3 mM ionic
strength, well below the 50mM ionic strength of NaHCO3 under
which the dispersion was stable. According to the Schulze−
Hardy rule, the critical coagulation concentration (CCC) is
highly dependent on the valence of the ion. The CCC is
proportional to the inverse of the charge to the power six,
meaning an equivalent monovalent concentration of around 7.0
mMNa for 0.1 mMCa. This suggests a more speciﬁc eﬀect of Ca;
i.e., Ca not only compresses the EDL, leading to a decrease in
surface potential and repulsion, but also is capable of cation
bridging with NOM.21 In the environment, Ca concentrations
above 1.0 mM are ubiquitous in the small streams where Fe
colloids are formed, and under these conditions Fe colloids are
still observed. In a recent paper, colloids of diﬀerent Belgian
stream waters were analyzed with asymmetric ﬂow ﬁeld ﬂow
fractionation (AF4) for their composition related to size. In soft
waters, they found small Fe colloids (<50 nm) with a high C:Fe
molar ratio of approximately 30.39 This high C:Fe molar ratio
might explain their colloidal stability at corresponding Ca
concentration to our experiments.
With this experimental setup we aimed to increase the insight
in the colloidal stability of naturally formed PO4-Fe-NPs. Our
data show that Ca, and possibly other polyvalent cations like Mg
and Al, control the colloidal stability of this type of particles, only
in waters with a pH below 5, pH is also an important factor. Since
PO4 transport in environmental systems, similar to the
experimental conditions, does occur by colloidal transport with
Fe-NPs, we speculate that either ﬂuctuations in Ca concentration
or a high C:Fe ratio initially present increase colloidal stability
and control PO4 transport.
Engineered Iron Oxyhydroxide NPs. The PO4 addition to
nG shifted the IEP from 8.7 to below pH 4 for the PO4:nG ratios
in our experiments. These IEP values agree with previously
published results at a comparable PO4:nG ratio; around pH 4 for
PO4:nG = 0.45 and below pH 3 for PO4:nG = 4.5.
40 This
dramatic shift in IEP can be attributed to inner-sphere complex
formation of PO4 with nG, which is characteristic for phosphate
adsorption to goethite. Phosphate anions can bind both
monodentate and bidentate on goethite surfaces, with a
monodentate binding resulting in a more negative resultant
charge on the surface than a bidentate complex. The fraction of
inner-sphere bidentate phosphate−goethite complexes increases
with decreasing pH.41 Below pH 6, more than half of the
bidentate complexes are protonated, which Antelo et al.40 found
to correspond well with their electrophoresis and adsorption
data. This suggested binding mechanism is compared with the
surface structure of goethite (Pnma, {101} plane42). The
interatomic O−O distances of PO4 match well with those on
the goethite surface, and the resultant number of deprotonated
sites per phosphate molecule is modeled with Visual Minteq
using the goethite surface complexation model (Table 6).43
The eﬀect of additives (poly-P and NOM) showed the same
trend as phosphate but yielded a comparatively larger decrease in
IEP at a lower concentration. This could be related to the binding
type on the goethite surface. A poly-P molecule can bind mono-
or bidentate, but the resultant surface charge will be more
negative compared to monophosphate because of the extra
phosphate molecule(s), since per adsorbed molecule more
oxygen atoms will be deprotonated (see Table 6). Theoretical
interatomic O−O distances in the poly-P molecules were also
compared with those on the goethite surface, to assess the
possibility of bidentate binding. Comparison of these distances
suggests that PO4, pyrophosphate, and phytic acid might be able
to bind bidentate because at least one interactomic O−O
distance is comparable to the one on the goethite surface. The
interatomic O−O distances in HMP are too large to match the
O−O distance on the goethite surface, which suggests this
molecule is likely to only bind monodentate, leading to more net
negative charge at the surface. Phytic acid, the only investigated
organic phosphate, is known to exhibit a very strong sorption in
soils and on soil minerals, e.g., goethite, with K values (Langmuir
coeﬃcient, L/mol) higher than those for phosphate.44
Adsorption of phytate on goethite is assumed to occur through
four of the six phosphate groups at pH 4.5, yielding a very stable
complex, a high net negative charge, and low desorption (Table
6).45−47
Comparison of the number of deprotonated sites, which was
calculated using the probable binding mechanism, and the zeta
potential measured under both equal mol and equal P mol base
of PO4, PP, PA, and HMP revealed that this explained the trend
in measured zeta potential: a lower amount of deprotonated sites
per adsorbed molecule corresponds with a less negative zeta
potential. This trend is more pronounced on an equal mole base
compared to equal P mole base. This is attributed to an
incomplete coverage at the same mole P concentration for the
diﬀerent molecules, since only one HMP molecule can bind on
the same mole P base compared to six PO4 molecules.
For NOM, less is known about the speciﬁc binding on goethite
because of a high heterogeneity in functional groups, but the
strong decrease in IEP and overall charge reversal indicate inner-
sphere complex formation through ligand exchange.21,46
Increasing PO4 concentrations had no marked additional eﬀect
on the zeta potential of NOM-coated Fe-NPs in an environ-
mentally relevant pH range. This suggests that NOM binds
stronger compared to PO4, which is also conﬁrmed by another
study where FA showed to be a strong competitor of PO4, which
was attributed to mainly electrostatic interactions.43 A strong
increase in dispersion stability and a decrease in zeta potential at
low pH were observed upon increasing the NOM concentration
5-fold (SI, Figure S6). Wang et al.48 investigated the adsorption
of FA on goethite and found that adsorption decreased with
increasing pH because of competition between NOM and
hydroxyls for adsorption to the goethite surface. This might
explain the larger diﬀerence in zeta potential at low pH for
diﬀerent NOM concentrations. At a lower pH, more sites will be
available for NOM sorption than at a higher pH leading to
increased NOM adsorption at higher NOM concentration at low
pH, lowering the zeta potential and, consequently, increasing the
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stability. However, Ca addition rapidly reduced the zeta
potential, leading to unstable dispersions. Ca, as a divalent
electrolyte, can not only compress the EDL but also form
complexes with NOM, leading to a partial neutralization of
negative charge and a change in NOM conformation, thereby
also aﬀecting steric stabilization.21 Since destabilization did not
fully correspond with a zeta potential above−30 mV, some steric
stabilization appears to be present in this setup.
To summarize, we have identiﬁed NOM and poly-P’s,
speciﬁcally PA and HMP, as potentially good candidates to
stabilize PO4-nG over a wide pH range with zeta potential
measurements pointing to systems which are predominantly
stabilized through electrostatic repulsion. Hydrodynamic diam-
eters of the stabilized PO4-nG were larger than those of the
uncoated nG; however, the diameter measured with spICP-MS
was almost identical, indicating that the stabilizers have a large
inﬂuence on the thickness of the EDL. Chemical modeling and
surface binding mechanisms for the diﬀerent poly-P’s explain the
trends in zeta potential measurements; i.e., the poly-P’s bind with
less than all PO4 moieties to the surface, rendering more negative
charge to the surface compared to orthophosphate anions only.
However, in-depth experimental studies are required to conﬁrm
these suggested binding mechanisms. PO4-nG dispersions were
unstable at very low Ca concentrations (0.1 mM), but HMP-
stabilized PO4-nG dispersions remained kinetically stable up to
0.3 mM CaCl2. These ﬁndings show that P nanofertilizers, as
HMP-stabilized PO4-nG, might be a more eﬃcient alternative to
traditional fertilizers in P-depleted soils with low Ca. Because
these NPs can remain mobile in solution and migrate to the plant
rhizosphere, PO4 can desorb locally to meet plant demands with
reduced loss by sorption on soil minerals.
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